We report on the detection of the intrinsic spin Hall effect in a modulation doped AlGaAs/GaAs/AlGaAs heterostructure bounded by a self-aligned pn-junction, fabricated by the cleaved edge overgrowth method. Light emission due to the recombination of electrons and spin-polarized holes was generated and mapped with a spatial resolution of one microm-
I. INTRODUCTION
The field of spintronics relies on the ability to control the electron's spin degree of freedom in semiconductor materials [1] . Spin-orbit interaction (SOI) provides the basis for such a control mechanism. The spin Hall effect (SHE) results in a spin current perpendicular to an applied electrical field leading to spin separation and accumulation at the edges of a sample.
In contrast to the standard Hall effect, the SHE occurs without applying an external magnetic field.
In the emergence of the SHE, two conceptually different mechanisms can be distinguished.
First, the extrinsic SHE arises from spin-dependent scattering off static impurities present in the sample investigated [2] [3] [4] . Second, there is the so called intrinsic SHE, where the deflection of spin carriers stems from SOI with the crystal lattice [5] [6] [7] . Here the two contributors are bulk inversion asymmetry in the form of Dresselhaus SOI [8] and structural inversion asymmetry termed Rashba SOI [9] . The latter can be set by designing the semiconductor structure appropriately as to result in an asymmetric electrical field, or by applying a gate voltage to tune the electrical field seen by the spin carriers and thereby the strength of the Rashba SOI.
To investigate the SHE in two dimensional electron and hole systems (2DES and 2DHS), the technique of molecular beam epitaxy (MBE) in the gallium arsenide/aluminium gallium arsenide (GaAs/AlGaAs) material system lends itself due to the very precise growth process and the exceptionally high quality of the structures [10] [11] [12] [13] .
The electrically induced spin accumulation in GaAs was first observed in an n-doped bulk system by means of Kerr-rotation measurements and was found to be of the extrinsic type [14] . Shortly thereafter the same group reported the observation of the extrinsic SHE in a 2DES [15] . At the same time Wunderlich et al. discovered the intrinsic SHE in a 2DHS with triangular confinement potential [16] . In this work a sophisticated lithographic technique had to be employed to match the region of spin accumulation with that where charge carrier recombination occurs. However, as a result of the small extension of the spin accumulation region, the effectiveness of this approach can be debated. While it is still an ongoing topic with a recent publication showing intrinsic SHE in a multilayer 2DES [17] , there are only few findings of the intrinsic SHE especially in 2DHSs.
Here we report on the detection of the intrinsic SHE in a single sidedly p-doped rectangular quantum well. Spin accumulation was generated by applying an electric field as a result of which the SHE creates an imbalance of out of plane hole spins at opposite edges of the sample. In contrast to previous work, a lateral pn-junction, which is self-aligned to the 2DHG boundary, was created to optically probe the edge spin signal, using the technique of cleaved edge overgrowth (CEO). A comparative analysis of magnetotransport characteristics suggests that the SHE is of the intrinsic type. Furthermore an impurity based quantum dot structure with a size below the diffraction limit of our detection system shows high spin polarization which is dependent on the electric field applied.
4

II. EXPERIMENTAL DETAILS
In order to gain information on the degree of spin accumulation at the edges of the sample a lateral pn-junction [18] was fabricated utilizing the CEO technique [19, 20] (Fig. 1a) . In contrast to previous attempts along this line [16] in this way a minimally disturbing atomically sharp edge is self-aligned with a light emitting diode. The basis for the sample is comprised of a 15 nm wide Al 0.3 Ga 0.7 As/GaAs/Al 0.3 Ga 0.7 As quantum well, grown on a (001) GaAs substrate by the method of MBE. Population of the 2DHS was achieved by single side pdoping. The resulting electric field tilts the confinement potential of the quantum well and therefore enhances Rashba spin-orbit interaction [21] . Magnetotransport characterizations performed on a 4 × 4 mm 2 sample show a high carrier mobility of µ = 2.3 × 10 5 cm 2 V −1 s −1 and a hole density of p = 3.2 × 10 11 cm −2 at a temperature of 4.2 K. This structure was processed by optical photolithography and chemical wet etching into a 100 µm long and 20 µm wide mesa with leads. Then, a scratch on the edge of 7×7 mm 2 square shaped pieces of the wafer was applied using a tungsten carbide needle. This scratch defined a predetermined breaking line and was aligned to cut the mesa in half along its length axis.
After cleaning, the samples were mounted on a special substrate holder and introduced into the ultra high vacuum (UHV) of the MBE growth chamber. A rotating metal bar was used to cleave the samples along the predefined line given by the scratch. This way, an atomically flat (110) surface was exposed and immediately overgrown with 500 nm n + bulk GaAs, resulting in the structure depicted in Fig. 1b . Details of the procedure preceding the cleaving process can be found in [22] .
The complete sample consists of a 10 µm wide channel which is self aligned to a lateral pn-junction at the interface of the n-doped GaAs and the 2DHS. Note, however, that the effective channel width for an applied current is smaller than the mesa. The difference in dimensions of the overgrown bulk n-GaAs and the 2DHS leads to an asymmetric space charge region depleting a substantial part of the channel. Ohmic contacts to the 2DHS were applied by soldering and annealing of an alloy of 96 % Indium and 4 % Zinc (by weight).
An electric three terminal setup was chosen to be able to drive a current through the channel and vary the bias of the LED formed by the lateral pn-junction (Fig. 2a) independently. The current through the mesa can be driven in both directions (designated as positive and negative I c ) to accumulate either of both spin flavours at the pn-junction. All measurements regarding the analysis of the edge spin accumulation were carried out using a liquid helium flow cryostat with a window for optical access and piezo actuators to enable spatial mapping.
A confocal optical setup provided a diffraction limited spatial resolution of ∼ 1 µm. Spectral analysis of both photoluminescence and electroluminescence emanating from the sample was carried out by the use of a CCD spectrometer. A He-Ne laser with a wavelength of 633 nm provided the excitation energy for photoluminescence (PL) measurements. Analysis of the circular polarization of the emitted light was performed by using a combination of a half-wave plate, a quarter wave-plate, a polarizing beam splitter and a CCD sensor for synchronous detection. Polarization was then determined by calculating the weighted difference of intensities I 1 and I 2 of both polarized beams: P = (I 1 − I 2 )/(I 1 + I 2 ).
III. RESULTS AND DISCUSSION
After cooldown the contacts to the 2DHS show ohmic behaviour. The lateral pn-junction exhibits clearly the rectifying characteristic of a diode, emitting light when biased in forward direction. However, despite the high mobility of the 2DHS the channel shows a significant resistivity. Two point measurements yielded a value of R c ∼ 30 kΩ at low temperatures.
The resulting potential drop under current flow along the channel leads to a decrease in PL intensity away from the corners of the LED. Thus only the first few µm of the mesa emit light and the regions can be treated as individual LEDs with no overlap.
The spectral peak of PL measurements of the quantum well region at an energy of 1.527 eV (Fig. 3a) can thus be related to the heavy-hole exciton [23] . The electroluminescence (EL)
peak from the CEO interface of 2DHS and bulk GaAs on the other hand was found to be at For the recombination of HH and electrons optical selection rules dictate either a σ + or σ − circular polarization of emitted light depending on the spin of the HH involved. As a consequence a predominant spin direction, which accumulates at the interface of the 2DHS and the n + GaAs because of the SHE, can be probed by analyzing the degree of circular polarization emitted from there.
In Fig. 4a we show the progression of the degree of circular polarization measured along the lateral pn-junction for negative currents I c . The quantity ∆x is defined as the distance from the starting point of the interface in the direction of I c . For comparison three different currents were applied along the channel while the bias across the LED was altered to ensure a constant I pn = 2.5 µA. While circular polarization shows some variation depending on distance, a shift to lower polarization can be noticed when lowering the absolute current |I c |.
A more pronounced picture presents itself for positive I c (Fig. 4b) . While there is also a distance dependent variation in polarization, it now increases significantly for lower |I c |.
This behaviour contradicts the expected linear relation of spin polarization and longitudinal electrical field in the channel S ∝ E c [26] . We attribute this to the small spin accumulation region at the edge where its size is defined by the spin-orbit length L SO .
Magnetotransport measurements of structures produced with layer stacks and growth parameters similar to the sample presented here yield L SO ∼ 100 nm [27] . However, we found the recombination zone sizes of HH and electrons to be larger than 1 µm for higher absolute currents. This implies a high ratio of mixing of unpolarized bulk HH to polarized edge accumulated HH reducing the observable degree of circular polarization.
Only for I c = ±8 µA the recombination zone was not distinguishable from the diffraction limit of the optical setup, thus increasing the polarization detected. However, still a significant mixing with unpolarized HH is expected and only probing the pure spin accumulation region would yield the true spin polarization. Note that the same issue arose in the first experiment to detect the intrinsic SHE [16] . Direct comparison of I c = ±8 µA shows a SHE induced mean difference of 2 % in circular polarization and a change in sign for opposing current directions
with polarization values of −0.7 % and +1.3 % respectively (Fig. 4c) . The apparently oscillatory behaviour of the polarization is an artifact caused by irregular faceting which occurs when the (001) For comparison, we have performed the same experiment on a 2DES structure that was overgrown with p + -doped GaAs, thus forming an np-junction. The 2DES resides in a single sidedly n-doped, 15 nm wide quantum well. It has a similar density of n = 2 × 10 11 cm −2 , and a mobility of µ = 2 × 10 6 cm 2 V −1 s −1 , which is a rather low value for GaAs-based electron systems. However, it surpasses our 2DHS' mobility by an order of magnitude, leading to lower resistivity and with that recombination along the whole length of the np-junction. Spin accumulation was probed with a current of ±33 µA. With a resistivity of R c ∼ 10 kΩ, this measurement corresponds to the measurement with I c = ±8 µA conducted on the 2DHS. As expected, spin polarization effects of the electron system cannot be observed or lie within the margin of error for this measurement (Fig. 4d) . This compares to other measurements of 2DES where only a small degree of polarization could be observed [15] , and emphasizes the advantage of employing a 2DHS for the utilization of SOI for spintronics.
IV. DOT-LIKE EMITTER
As described above, the pn-junction exhibits emission only near the corners due to the potential drop along the 2DHS channel. However, at a position of 80 µm emission can be observed for a wide range of applied longitudinal currents (see Fig. 5a ). We performed a spatial mapping of the polarization of the recombination center for different I c (Fig. 5b -e ).
The constant current over the lateral pn-junction was chosen to be I pn = 10 µA. The size of the recombination region appears to be ∼ 1 µm. However, since an interference pattern (best seen in Fig. 5d ) emerges we conclude that the actual size is far below the diffraction limit and we refer to the region as dot-like.
Spectral analysis of the dot-like emitter shows an additional broad emission around an energy of 1.49 eV (Fig. 6a) . Despite the very high purity of the structures produced in our MBE setup, a low background of residual atoms is always incorporated during growth.
Earlier investigations performed in our group showed that this impurity background consists predominantly of carbon compounds, and a luminescence peak associated to carbon and matching our measurements can be found in a variety of samples [10, 31] .
The small dimensions of the dot-like emitter and its position at the CEO-interface turns it into an appropiate tool to probe the degree of spin accumulation at the edge of the 2DHS for an extended range of longitudinal currents where emission is observable at the same position.
A total variation in polarization of 18 % can be generated for currents rating from −66 µA to +22 µA (Fig. 6b ).
The measured polarization shows linear behaviour for positive and large negative currents, fitting S ∝ E c , although a saddlepoint around I c = −25 µA was found. This feature is due to the fact that for I pn > |I c | current is injected in both sides of the channel to fulfill the condition of a constant current across the pn-junction. Thus, a strongly inhomogeneous E c is expected in the progression of the channel, greatly disturbing spin accumulation by the SHE. Taking also into account the off-center position of the dot-like emitter, a current offset for the unpolarized state can be anticipated. Lastly the dot-like emitter shows finite polarization for all currents and therefore exhibits no change in sign of the polarization. We relate this characteristic to an anisotropic nature of the impurity at the interface. Polarization anisotropies have been studied for various systems like quantum dots, quantum wells and especially vertical-cavity surface-emitting lasers where they are used to facilitate a specific polarization of light emission [32] [33] [34] [35] . As a result of these considerations we introduce a net current I n = I c + 25 µA and a relative polarization with an offset of −8.3 % (Fig. 6b) top and right axis). We conclude the dot-like emitter to show the SHE induced spin accumulation for net currents I n < −10 µA with a negative polarization sign and for currents I n > 10 µA with a positive polarization sign. The maximally achievable values were −7 % and 11 % respectively. Being an order of magnitude higher compared to the measurements presented before, this indicates that recombination does not include unpolarized bulk HH and thus only the small accumulation region within L SO is probed.
V. CONCLUSION
The SHE was observed in a single sidedly p-doped Al 0.3 Ga 0.7 As/GaAs/Al 0.3 Ga 0.7 As quantum well. Employing the CEO-technique, a lateral pn-junction was attached to the (110) edge of the 2DHS to probe spin accumulation of HH. Analysis of the circular polarization of light emitted at the lateral LED shows a change in sign and values of −0.7 % and +1.3 % of the 13 measured polarization for both current directions. This is in agreement with the results of Wunderlich et al. [16] , where a triangular 2DHS showed a similar degree of polarization. A comparison to similarly grown structures indicates strong SOI and weak disorder and the SHE to be of the intrinsic type. An impurity enhanced dot-like emitter at the lateral pn-junction was investigated. Its size, presumably smaller than the spin accumulation region, allowed us to measure the pure spin accumulation region showing an achievable polarization of up to 11 %, almost an order of magnitude higher than measured at other positions of the lateral pn-junction. To our knowledge, this is the highest value reported so far for an electrically induced intrinsic SHE. In general the CEO fabricated LED proved to be an appropiate tool to probe edge states of 2D hole and electron systems.
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